Introduction
Azathioprine (Aza) is an immunosuppressive drug widely used in the treatment of inflammatory bowel diseases. The compound was designed by Elion and Hitchings (Elion, 1993) as a prodrug for cancer chemotherapy, which in situ would release the antimetabolite 6-mercaptopurine (6-MP), see Fig. 1a . 6-MP interferes with nucleotide metabolism and the nucleic acid biosynthesis but is inactivated via alternative enzyme-catalyzed reactions. Particular attention has been directed to the thiopurine methyltransferase (TPMT), which is polymorphic in the human population (Weinshilboum and Sladek, 1980) . The release of 6-MP from Aza is catalyzed by glutathione transferases (GSTs) (Eklund et al., 2006) and the enzyme with the highest activity in human tissues is GST A2-2 (hA2). The therapeutic benefits of Aza treatment are limited by toxic side effects, which appear to be related to the steady-state levels of 6-MP governed by the production of 6-MP from Aza and the further biotransformation of 6-MP, in particular the methylation catalyzed by TPMT. Adverse reactions of Aza have a strong association with the TPMT genotype (Yates et al., 1997; Wang and Weinshilboum, 2006) , and there are indications that differences in GST activity may also be related to adverse drug reactions (Stocco et al., 2007) . The present investigation was undertaken to study structure-activity relationships in human GST A2-2, the most efficient human enzyme in the bioactivation of Aza. For comparison, several compounds undergoing similar chemical transformations, S N Ar reactions, were studied [ Fig. 1(b) ]. Regions of the primary structure of GST A2-2 as well as individual amino acids of importance for maintaining the high activity of the native enzyme were identified.
Materials and methods

Materials
Glutathione, Aza, 1-chloro-2,4-dinitrobenzene (CDNB), 5-chloro-1-methyl-4-nitroimidazole (CMNI), ampicillin, lysozyme and 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were purchased from Sigma-Aldrich. Oligonucleotides were obtained from Thermo Scientific, dNTPs from Fermentas, and Cloned Pfu polymerase from Stratagene. 1-methyl-4-nitro-5-(4-nitrophenylthio)-1H-imidazole (NPTI) was previously synthesized (Kurtovic et al., 2008a) . Wild-type GSTs and the corresponding expression plasmids have been described (Kurtovic et al., 2008b) ; the designations hA2, hA3, rA3 are used for the human GST A2-2, human GST A3-3 and rat GST A3-3 in the text. All GSTs contained an N-terminal His 6 -tag but the numbering of residues was done without counting the His6-tag. hA2 in the present article refers to the allelic variant hA2*C (Zhang et al., 2010) .
Construction of chimeric GST mutants
N-and C-terminal segments of hA3 and rA3 were replaced with the corresponding sequences of hA2 by performing a polymerase chain reaction using primers coding for hA2 covering the intended regions as well as restriction sites on each side of the coding region, while using gel-purified DNA of hA3 and rA3 as templates. The forward primer had the sequence 5 0 ggaa acagaa ttccat ATGCAT CACCAT CATCAT CACGCA GAGAAG CCCAAG CTTCAC TACTCC AATATA CGGGGC AGAATG G 3 0 (coding sequence in upper case). Its length was 83 bp; originally hA2 had 5 DNA mutations in this region compared with hA3 and 15 compared with rA3, but after synonymous modification of the primer the differences were 4 and 14 positions, respectively. The reverse primer had the sequence 5 0 cctg caggtc gactta TTAAAA CCTGAA AATCTT TCTGGA TTCTTC TAAAGA TTTTTC ATCCAT GGGAGG CTTCC 3 0 . Its length was 75 bp; originally hA2 had 9 DNA mutations in this region compared with hA3 and 16 point mutations plus 3 deletions compared with rA3, but after synonymous modification the differences were 6 positions compared with hA3 and 18 positions plus 3 deletions compared with rA3. The polymerase chain reaction mixture contained 1 mM of each primer, 0.1 ng/ml template DNA and 50% Premix Taq solution (TaKaRa Ex Taq version) with a final concentration of 0.025 U/ ml TaKaRa Ex Taq polymerase. The temperature program started at 948C for 10 min, followed by 40 cycles of 958C for 1 min, 41-428C for 1 min and 728C for 2 min, and terminated at 728C for 30 min. Following agarose gel electrophoresis the products were isolated (QIAEX II, Qiagen) and subsequently cleaved by restriction enzymes EcoRI and SalI. After another round of gel purification, the products were ligated with the cleaved vector pGDETac (Widersten and Mannervik, 1995) using T4 DNA ligase (Roche) for 16 h at 188C, 48C at 5 h and with inactivation for 10 min at 658C, followed by transformation of competent Escherichia coli (E.coli) XL-1 Blue cells (Stratagene) by electroporation (Gene Pulser, Bio-Rad). Colonies were picked from Luria-Bertani (LB)-ampicillin agar plates and grown overnight for DNA miniprep purification (Wizard Plus Minipreps DNA Purification System, Promega); the DNA was sequenced by the Uppsala Genome Center, before expression and purification of the enzymes.
Saturation mutagenesis library
The hA2 X208/X213 library was generated by inverted polymerase chain reaction using 5 0 -phosphorylated primers (reverse: 5 0 CTTGGGCTGCCAGGCTGTAGAAACTTC 3 0 , forward: 5 0 GAAGCCTCCCNNSGATGAGAAATCTNNSG AAGAATCAAGGAAG 3 0 ) and with hA2 in vector pGDETac as the template. The altered codons are underlined (N ¼ A/C/T/G, S ¼ C/G). The polymerase chain reaction mixture contained 0.5-1 mM of each primer, 0.2 mM dNTP, 0.025 -0.05 U/ml cloned Pfu DNA polymerase, the supplied polymerase buffer and 0.1 ng/ml gel-purified DNA template. The temperature program started at 948C for 10 min, was followed by 30 cycles of 948C for 1 min, 55-628C for 1 min and 728C for 10 min, and was terminated at 728C for 30 min. The product was purified (QIAEX II, Qiagen) after agarose gel electrophoresis, blunt end ligated using T4 DNA ligase (Roche) for 16 h at room temperature with inactivation for 10 min at 658C, and transformed into competent E.coli XL-1 blue cells (Stratagene) by electroporation (Gene Pulser, Bio-Rad).
Bacterial lysate preparation
Bacterial colonies were randomly picked from LB-ampicillin agar plates and incubated overnight at 378C, 200 r.p.m., in 96-well microtitre plates with 300 ml LB medium (1% (w/v) Tryptone, 0.5% (w/v) yeast extract and 1% (w/v) NaCl) and 100 mg/ml ampicillin, followed by 100x dilution into 2TY medium (1.6% (w/v) Tryptone, 1% (w/v) yeast extract and 0.5% (w/v) NaCl) with 100 mg/ml ampicillin and grown for 21 h at 378C, 200 r.p.m. The bacteria were harvested by centrifugation at 48C, 2200 g, for 10 min. Cell pellets were resuspended in 150 ml 0.1 M sodium phosphate buffer, pH 7.0 and lysed by lysozyme (0.2 mg/ml) for 60 min followed by three cycles of freezing at 2808C and thawing at 378C. After centrifugation at 48C, 2200 g, for 10 min, 45 ml including pellets were removed and 90 ml of supernatant was pipetted and stored in 2808C or used directly for activity measurements. Kurtovic et al., 2008a) . The final concentration of glutathione was 1 mM for all reactions. Total reaction volume was filled up to 250 ml with 0.1 M sodium phosphate buffer, pH 7.0 for measurement with Aza and CMNI and pH 6.5 for CDNB and NPTI. In the first set 40 ml lysate was used for Aza measurement, followed by duplicates with 20 ml in sets 2 -5. 5 ml lysate was used for CDNB, 10 ml for CMNI and 5 ml for NPTI. Mutants selected were grown overnight for DNA to be purified by miniprep (Wizard Plus Minipreps DNA Purification System, Promega) and sequenced by the Uppsala Genome Center, before purification of the enzymes. 
Lysate screening
Estimation of library coverage
A total of 1880 library colonies and 40 positive controls (hA2) were picked for expression. The experimental coverage of the library was estimated by Monte Carlo simulation using a commercial software package (MATLAB 7.5, The MathWorks Inc., Natick, MA, USA, 2007) and presented as mean + standard deviation or as a 95% one-sided confidence interval. A total of 10 000 iterations were used for each data point and the simulated number of colonies picked was increased by a step size of 50. Codon usage distribution is accounted for by assigning each picked colony a random NNS codon and translating it into an amino acid or a stop codon; mutants with stop codons are included when counting colonies picked but not when counting mutants found.
Expression and purification
Wild-type hA2, hA3, rA3 as well as the chimeric mutants constructed and some X208/X213 mutants were selected for expression and purification as follows. A single colony from an LB-agar plate was grown in 50 ml of LB medium with 100 mg/ml ampicillin overnight at 378C, 200 r.p.m. The solution was the next day diluted 1 : 100 into at least 500 ml of 2TY medium with 100 mg/ml ampicillin and grown until OD 600 0.3 -0.6. Protein expression was then induced by addition of isopropyl-1-thio-b-D-galactopyranoside to a final concentration of 0.2 mM and the cells were grown 12-16 h. The bacterial cells were harvested by centrifugation for 10 min at 3800 g, resuspended in binding buffer (20 mM sodium phosphate, 500 mM NaCl, 20 or 50 mM imidazole, pH 7.4) and lysed by lysozyme (0.2 mg/ml) for 60 min and ultrasound sonication (Vibra-Cell, Sonics & Materials) or cell disruption (Constant Cell Disruption Systems). After centrifugation for 45 min (at least 27 000 g) the His 6 -tagged enzymes were purified from the supernatant by immobilized metal affinity chromatography (Porath et al., 1975) using His GraviTrap columns (GE Healthcare). Wash buffer was the same as binding buffer but with 50 or 100 mM imidazole and the proteins were eluted by a similar solution containing 500 mM imidazole. The buffer of the eluted protein was changed by dialysis twice overnight against a 0.1 M sodium phosphate buffer, pH 7.4 or by PD-10 columns (GE Healthcare) to 25 mM HEPES 150 mM NaCl, pH 7.4. Purity was assessed by sodium dodecyl sulfate polyacrylamide gel electrophoresis with Coomassie Brilliant Blue R-250 staining and protein concentration was determined by Bradford assay (bovine serum albumin standard, Bio-Rad) or by absorbance at 280 nm using the extinction coefficient 49.4 m/M cm (Widersten et al., 1994) .
Determination of specific activities
Specific activities of purified GSTs were determined by spectrophotometric assays, monitoring the change in absorbance at a specific wavelength for each substrate. Final concentrations in the cuvette were 0.2 mM Aza (1% DMSO), 1 mM CDNB (5% EtOH), 0.2 mM CMNI (1% EtOH) or 0.2 mM NPTI (1% DMSO), with a constant glutathione concentration of 1 mM. Extinction coefficients and wavelengths were the same as during the screening of lysates (see above). Diluted enzyme solutions were kept in eppendorf tubes previously incubated with 2.5% bovine serum albumin in 25 mM HEPES 150 mM NaCl, pH 7.4 (Fedulova and Mannervik, 2011) . Principal component (PC) analysis of specific activities was performed using Matlab functions princomp(zscore(X)), including normalization of the input vectors before analysis.
Results
The H-site of mammalian alpha class GSTs, which is responsible for binding of Aza or other electrophilic substrates, is composed of 12 amino acid residues (Fig. 2) . Residues in the N-and C-terminal flanking segments of the primary structure were indicated to be crucial to maintaining high catalytic activity with Aza, based on the analysis of chimeric GST structures obtained by DNA shuffling (Kurtovic et al., 2008b) . In the present study, the functional significance of these segments was further studied by rational construction and characterization of chimeric GST. Furthermore, residues 208 and 213 in the C-terminal region were subjected to simultaneous saturation mutagenesis. Residue 213 is located in the central portion of the a9 helix, which serves as a lid closing the active site, and residue 208 is in the hinge segment preceding the a9 helix (Fig. 2) .
Chimeric GST structures
We specifically replaced the N-terminal and C-terminal portions of two low-activity GSTs, hA3 and rA3, with the corresponding sequences of hA2 in order to find out if high Aza activity could be achieved. The chimeras were denoted hA2-hA3-hA2 and hA2-rA3-hA2, respectively. The whole sequences of hA3 and rA3 have 25 and 60 amino acids, respectively, differing from those in hA2, and the number of amino acid replacements introduced via the N-and C-terminal portions of hA2 were three (hA3) and six (rA3) in the N-terminal region and four (hA3) and nine (rA3) in the C-terminal region. The primary structure similarities and differences among the templates and the chimeric mutants are depicted in Fig. 3 (right) . Conserved regions are rendered white, while sequences differing among the templates are colored according to the template that the sequence originates from. The proposed H-site residues are located in Fig. 2 . The residues of the hydrophobic-binding site (H-site) of human GST A2-2 as viewed in the direction from the glutathione in the crystal structure (2WJU). Amino acids M208 and L213 (colored red in supplementary data online) were targeted for saturation mutagenesis. F111 is visible in between them with E104/L107/L108/P110 in the lower left corner. The N-terminal S10/I12/G14 are located top left. S216 and F222 are located to the right, being part of the C-terminal helix, the lid of the H-site. A color version of this figure is available as supplementary data at PEDS online.
Determinants of azathioprine-activity in human GST positions 10 and 12 in the first non-conserved segment with position 14 in the adjacent conserved region; in positions 208, 213 and 216 in the second non-conserved segment from the end; in position 222 in the last segment; as well as in positions 107, 108, 110 and 111 in the large non-conserved segment in the middle of the sequence.
The rationally designed chimeras, hA2 -hA3 -hA2 and hA2 -rA3-hA2, appeared as fully folded proteins with stabilities similar to the parental enzymes. Their specific activities with Aza were 0.19 and 0.44 mmol/(min mg), respectively, demonstrating increases of values from 0.012 for hA3 and 0.054 for rA3. These 10-fold increases brought the specific activities close to the value of 0.67 mmol/(min mg) for the most active wild-type GST hA2 [ Fig. 3 (left) ].
The specific activities of the enzymes were further determined with three alternative substrates and the activities varied independently from the Aza values [ Fig. 3 (left) ]. The values with CDNB are of the same magnitude for all five enzymes. hA2 has higher specific activity than hA3 and rA3 with CMNI, just as with Aza. However, the chimeric mutants do not have a CMNI activity raised to the level of hA2 like with Aza. The NPTI values of the chimeric mutants are 15-100-fold higher than those of wild-type hA3 and rA3, and the specific activity of 660 mmol/(min mg) of the chimeric mutant hA2-hA3-hA2 is even 10-fold higher than that of hA2.
In order to illustrate the different specific activity profiles of the GST variants, the activities of hA2 were normalized such that the values with each substrate were the same. These normalized specific activities are presented in a doughnut plot showing sectors representing the activities with the four alternative substrates (Fig. 4) . The activities of the other GSTs were then scaled, one by one, in proportion to the hA2 values. Thus, the doughnut plot illustrates the changes in substrate selectivities from that of hA2, and emphasizes the marked divergence of the variants. Wild-type rA3 has a profile similar to hA2, while hA3 has a higher contribution by CDNB and less by Aza and CMNI. The profiles of both chimeric mutants are dominated by the acquired NPTI activity.
Construction of a library for saturation mutagenesis
Two of the H-site residues in the C-terminal region of the hA2 structure were targeted for more incisive investigations. ) of the three wild-type GSTs hA2, hA3 and rA3 as well as of two chimeric mutants, with the four substrates Aza, CDNB, CMNI and NPTI (left). The activities, based on triplicates, are represented as mean + standard deviation. The sequences of the enzymes are depicted schematically (right), with conserved regions colored white and unique segments shown in different shades of grey [colored blue (hA2), green (hA3) and yellow (rA3) in the supplementary data online]. Segments identical in two enzymes but not in the third are rendered in both of the parental colors. Single amino acid differences appear as a thin line while larger non-conserved segments are colored along the whole segment, although there likely will be conserved positions also within the segments. The chimeric enzyme 'hA2-hA3-hA2' has the sequence of hA2 in the N-terminal first non-conserved segment (MHHHHHH followed by positions 2-12) as well as the C-terminal two last non-conserved segments ( positions 207-219 and 222), with hA3 in the other segments; 'hA2-rA3-hA2' is constructed analogously. Ellipses indicate the H-site segments common to wild-type hA2 and the two chimeric mutants. Alignments of the wild-type N-and C-termini are shown below. A color version of this figure is available as supplementary data at PEDS online. Fig. 4 . Doughnut representations of the diverging substrate-selectivity profiles of GST variants based on specific activities. The activities of hA2 with the four alternative substrates were equalized. The specific activity for a given substrate was then normalized to the activity of the parent enzyme hA2 with the same substrate. The colored sections then specify the fraction of activity obtained with a given substrate of the total of all activities for the same enzyme. The structures of the four alternative substrates used are shown in Fig. 1 . A color version of this figure is available as supplementary data at PEDS online.
A GST variant library, X208/X213, was constructed by simultaneous saturation mutagenesis of residues 208 and 213 achieved by introducing NNS codons in both positions of the DNA sequence. Consequently, there were 32 . 32 codon combinations leading to 20 . 20 ¼ 400 pairs of amino acid mutations, but also to combinations including stop codons in at least one position. By picking 1880 colonies for screening one would on average identify 374 + 5 unique variants (93 + 1% of the total 400), see Fig. 5e . This probability is calculated assuming no bias in the library, but still accounting for the codon usage distribution and excluding all combinations with at least one stop codon. Considering a confidence level of 95%, 366 (91.5%) of the possible unique variants are expected to be found. To find all 400 variants with 95% confidence 8200 colonies would have to be analyzed [ Fig. 5(f ) ].
Screening of the X208/X213 mutant library
Colonies of bacteria transformed with the mutated GST DNA were randomly picked and grown in microtitre plates for enzyme expression. The X208/X213 library was screened using bacterial lysates in five sets comprising four 96-well plates each. Every set contained 376 mutant lysates and 8 parental hA2 lysates from separate colonies as positive controls. The screening data from one of the five sets [ Fig. 5a -d] were analyzed for a normal distribution using Matlab. The mean and standard deviation of the fitted distribution function for the different substrates were for Aza: 7.0 + 1.7, CDNB: 2.5 + 1.1, CMNI: 0.49 + 0.11 and NPTI: 2.6 + 0.9 (10 23 DA/min). The estimated values were insignificantly affected by excluding data in the 1% one-sided upper confidence interval. The means of the entire dataset calculated without distribution assumptions were for Aza: 6.9 + 1.4, CDNB: 3.8 + 5.6, CMNI: 0.53 + 0.26 and NPTI: 3.4 + 2.8 (10 23 DA/min). For comparison, the activities of the hA2 positive control lysates were for Aza: 13.3 + 4.8, CDNB: 35 + 19, CMNI: 3.4 + 1.7 and NPTI: 29 + 13 (10 23 DA/min). In the screening of bacterial lysates only three samples had higher activity with any of the substrates than the corresponding hA2 activities; the values were 120-150% of the hA2 CDNB activity. The mutants with highest Aza activity, as well as some mutants 
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lacking Aza activity but having activity with any of the alternative substrates, were further examined by DNA sequencing, enzyme purification and specific activity determinations with the different substrates.
Structure-activity relationships of X208/X213 library mutants
The specific activities of the purified X208/X213 mutants are presented in Table I . The wild-type hA2 with mutated residues in the combination ML is more active with Aza than any of the library mutants and it is about equally active with the alternative substrates as the most active mutants. Enzymes with amino acid combinations ML, IV, VM, IL have the highest specific activity with Aza and CDNB, while ML and IL have the highest with CMNI, and ML and MM have the highest NPTI activity. Some mutants have distinctly different substrate profiles compared with hA2, e.g. the combination FG with 73% of the specific activity with CDNB, but activities ,20% of the hA2 values with other substrates.
The enzyme with the combination MM in the targeted positions has a slightly higher specific activity with NPTI than hA2, while for the other substrates the activities are roughly half of the hA2 values. The mutants with * in position 213 have a stop codon and are therefore truncated. V* still has some activity, especially with CDNB, 31% of hA2, while G* has only 4 -12% of the hA2 activity with the different substrates. Both truncated mutants were selected for sequencing and purification, because the lysate screening data indicated up to 20% activity with at least one substrate.
Multivariate analysis of the specific activities was performed for further characterization of the substrate specificity profiles (Fig. 6) . PC1 accounted for 78% of the variation, and all substrates were represented with an almost equal positive contribution. Thus, PC1 can be interpreted as a measure of general catalytic competence or as an overall composite of the alternative activities. PC2 explains 16% of the variation and is The first row contains wild-type hA2 with residues M208/L213, having higher activity with Aza than the various mutants but with equal or lower activity compared with the best mutants with the substrates CDNB, CMNI and NPTI. Two mutants have stop codons in position 213 leading to truncated enzymes lacking the last nine residues including H-site residues S216 and F222. Values, based on triplicates, are represented as mean + standard deviation. . Each X208/X213 mutant is named by two letters corresponding to the resulting mutated amino acids where ML is the hA2 wild-type and * indicates a stop codon. The first PC (explaining 78% of the variation in the dataset) is represented by a roughly equal contribution from each substrate, indicating that it could be interpreted as general catalytic competence. The PC2 explains 16% and differentiates mutants with relatively more (or less) activity with NPTI than CDNB, compared with the other mutants. A color version of this figure is available as supplementary data at PEDS online. Fig. 7 . The specific activity with Aza is plotted for each mutant purified from the X208/X213 library versus combinations of amino acids. The x-and y-axis represent the amino acids in position 208 and 213, ordered by hydrophobicity (Venkatarajan and Braun, 2001) . Cells with no bars represent mutants that were not emerging as active with Aza in the screening of the library. A color version of this figure is available as supplementary data at PEDS online.
primarily representing the divergent substrate profiles. The close location of mutant MM and substrate NPTI exemplifies the preference for this substrate in relation to CDNB, as compared with the rest of the mutants. The specific activity with Aza was rendered in a bar plot showing the amino acids of positions 208 and 213 along the x-and y-axis, with the amino acids ordered by increasing hydrophobicity (Fig. 7) . The hydrophobicity scale used is the E1 descriptor from (Venkatarajan and Braun, 2001) , in which many physico-chemical properties were reduced into five quantitative amino acid descriptors using multivariate analysis. The mutants with high Aza activity in most cases have two hydrophobic residues in positions 208 and 213, or at least in position 208. The cells in the plot lacking bars correspond to mutants for which no specific activities were determined. In most cases the mutants were not found in bacterial lysates because of low Aza activity, owing to either low intrinsic activity or poor expression.
Discussion
GST hA2 is the most efficient enzyme in the human bioactivation of the prodrug Aza (Eklund et al., 2006) and this study focused on structure -activity relationships governing this high catalytic proficiency. In a general examination of the variability of the H-site among 30 alpha class GSTs, positions 108 and 208 were found to have nine alternative residues each, and positions 111 and 222 have seven alternatives. Position 14 has a completely conserved glycine, while positions 10, 12, 104, 110, 213 and 216 all have four to five alternatives. For comparison, the average for the whole primary structure is 3.5 alternatives, for the G-site 2.0, and for the H-site 5.6. Residue 208 is thus one of the two most varied H-site residues in the alpha class, whereas residue 213 shows the average H-site variation. A previous study (Ivarsson et al., 2003) did not find evidence for hypervariable positions in the alpha class GSTs, but it is reasonable to believe that the H-site displays a variation among the isoenzymes to account for a larger set of possible electrophilic substrates for detoxification.
Amino acids found in position 208 of the alpha class GSTs are A, D, E, L, M, P, S, T and V, while amino acids in position 213 are A, I, L and V. The pair 208/213 appears in 12 combinations: LI, VI, TI, MI, ML, AL, PL, PA, PV, SV, EV, DV, of which the combination ML is present in hA2. Five combinations were present in a previous study employing DNA shuffling of hA2, hA3, bA1, rA2 and rA3 (Kurtovic et al., 2008b) . Another combination of residues in 208/213 occurs in the GST hA4 (P208/V213), which has low Aza activity (Eklund et al., 2006) , but the H-site structure of hA4 differs from the other alpha class GST H-sites (Bruns et al., 1999) . So far only those with M208/L213 have displayed Aza activity exceeding 10% of the hA2 value. However, none of these naturally occurring combinations of positions 208 and 213 were present among the purified enzymes in the present investigation, except for ML in the parental hA2.
In a previous study DNA shuffling was used to probe GST activity with Aza (Kurtovic et al., 2008b) . Six homologous alpha class GSTs of human, rat and bovine origins were stochastically combined into chimeric functional structures containing segments from the parental amino acid sequences. The main conclusions from this study were that all chimeras showing high Aza activity contained segments from the hA2 primary structure that were close to the N-terminus or the C-terminus. No other combination of segments close to the termini gave activity similar to that of wild-type hA2. More specifically, positions 2 -12 and 207-219 were conserved among the chimeric alpha class GSTs with Aza activities of at least 20% of the hA2 value. Five H-site residues were present in these regions, 10, 12, 208, 213 and 216. Considering that hA1, which in wild-type form was not part of the templates used for shuffling (Kurtovic et al., 2008b) , has 60% of the hA2 activity with Aza (Eklund et al., 2006) , only two of the five variable H-site residues in these regions are conserved among the Aza-active alpha class GST wild types and mutants characterized so far, that is M208 and L213. It would appear that these two regions and in particular these two H-site residues are important for Aza activity. To further study this issue, two approaches were used. First, these two segments of interest were inserted from hA2 into the low-activity enzymes, hA3 and rA3, to see if they are sufficient for high Aza activity in this alpha class context. For cloning issues, also the last segment with position 222 was inserted as hA2, leading to chimeric GSTs with the hA2 sequence in the N-and C-terminus. Secondly, the two H-site residues M208/L213 were targeted by simultaneous saturation mutagenesis, generating all 20 . 20 amino acid combinations in these positions. This library was screened and the most active mutants with Aza, as well as some other mutants, were further examined in order to assess the susceptibility to mutations with regard to Aza activity and for comparison with other substrates to see if alternative activities were affected differently by mutations in these positions.
The chimeric GSTs created by changing the N-and C-terminal sequences of hA3 and rA3 into the corresponding sequence of hA2 display altered specific activity profiles (Fig. 4) . This originates mostly from their enhanced activity with NPTI. hA2 has more than 10-fold higher activity than both hA3 and rA3 with Aza, CMNI and NPTI [ Fig. 3 (left) ]. When inserting these flanking regions from hA2 into the templates hA3 and rA3 the specific activity of the mutants with Aza is 10 -20-fold enhanced compared with hA3 and rA3, almost up to the level of hA2, confirming the indications that these regions are important for high Aza activity, and suggesting that these regions are sufficient for high Aza activity within this alpha class context. The effect of the mutations on the specific activity with CMNI is, however, not so strong, indicating that the relevance of these structural features is substrate dependent. The specific activity with NPTI on the other hand is even more affected by the mutations than that obtained with Aza. The sequence of hA2 and hA3 differ by 25 amino acids and the seven mutations introduced in hA3 by the chimeric fusion with the N-and C-terminus from hA2 led to a 100-fold higher activity with NPTI than for hA3 itself and 10-fold higher than for hA2. All templates have rather similar specific activity with CDNB and the chimeric mutants were not that much different, in agreement with the use of CDNB as a general model substrate for GSTs. Drawing conclusions about specific H-site residues from the properties of chimeric sequences can be difficult, e.g. a limited set of point mutations was not enough to mimic the effect of chimeragenesis in mu class GSTs (Hansson et al., 1999) , but small modifications can sometimes be enough to explain functional differences of diverged sequences, e.g. six amino acid mutations (S10F, I12G, D42G, F111L, M208 and S216A) changed the substrate profile of hA2 to that of hA3 with regard to the substrates D
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-androstene-3,17-dione, CDNB and cumene hydroperoxide (Pettersson et al., 2002) . In the present study the chimeric hA2 -hA3 -hA2 had four H-site residue mutations compared with hA3 (F10S, G12I, A208M and A216S) and those four mutations alone would only make it halfway from hA2 to hA3 with regard to D 5 -androstene-3,17-dione. Positions M208 and L213 in GST hA2 were mutated with NNS codons to generate the X208/X213 mutant library and by screening of 1880 bacterial lysates and assuming no additional bias 93% of the combinations were expected to be sampled at least once, see Fig. 5e and f. Five sets of 376 mutant lysates each were screened for Aza activity while four sets were screened for CDNB activity and two sets for CMNI and NPTI activity, see Fig. 5a -d. The reaction rate data were analyzed for a normal distribution and the means of these distributions were assumed to be adequate representations of the non-enzymatic reaction rates. The means of the datasets themselves were in general higher than the means of the fitted distributions, as expected when measuring the activities of lysates containing functional proteins with the bulk of the rates similar to the background rate; however, not for Aza and CMNI, indicating that the mutations had more detrimental effects on these activities, while the CDNB and NPTI activities were more accommodating to these point mutations. It is also likely that the low signal-to-noise ratio in the Aza assay made it more difficult to identify positive hits. The protein concentration is not accounted for during the screening. All mutant lysates showing activity with Aza and some mutants with activity with the alternative substrates were further examined by sequencing, protein expression, purification and characterization.
The specific activities of the purified hA2 point mutation library mutants reveal that wild-type hA2 is the most active of these enzymes with Aza. For the alternative substrates, it is equal to or slightly lower than the most active mutants. In hA1, the mutant M208W displayed a k cat /K M that was 3.4 times higher than hA1 (Widersten et al., 1994) . Similarly, in the present study the hA2 mutant M208W was identified during screening having higher CDNB activity than that of the mean of hA2. These results, in combination with the screening data, indicate that positions 208 and 213 are sensitive to mutations, especially with regard to the Aza activity but also to activity with alternative substrates. PC analysis of specific activities does not suggest that the wild-type residues M208 and L213 give a particularly Aza-oriented substrate profile compared with other X208/X213 mutants (Fig. 6) . However, it was observed by multivariate analysis that most of the variation in the data is explained by a general activity obtained from a roughly equal contribution of the different substrates and that the activity with Aza is higher when more hydrophobic residues are present, especially in position 208 but also in position 213 (Fig. 7) . This supports the notion that the H-site should be hydrophobic to accommodate lipophilic substrates, keeping the active site as a hydrophobic pocket (Gustafsson and Mannervik, 1999) . One exception is mutant M208D/L213R, retaining 40% of the hA2 Aza activity, in which the negative charge of the aspartate might be compensated by the positive charge of arginine. The truncated enzymes with a stop codon in position 213 had some activity, indicating that the a9 helix in the C-terminal is necessary for high activity with the substrates used in this study but not crucial for activity in general. A truncated version of hA1, lacking the a9 helix, was previously shown to have low catalytic activity (Board and Mannervik, 1991) .
In the analysis of the chimeric sequences there was a similar effect on the activities with both Aza and NPTI, but not equally strong [ Fig. 3 (left) ]. In this case the principal components show that Aza and NPTI were not the substrates showing the highest covariation (Fig. 6) , indicating that the use of NTPI as an Aza surrogate for screening might not be an ideal choice. It is also worth noting that in DNA shuffling the segments that are functionally conserved will remain conserved also in subsequent generations. The same principle is also supported by these data in the sense that residues that were conserved among the GSTs with high Aza activity did not tolerate point mutations with retention of high activity, whereas a point mutation in the non-conserved region in the middle of the primary structure could lead to higher activity with Aza, as confirmed by the hA2 polymorphism represented by hA2*E, P110S/T112S (Zhang et al., 2010) .
Conclusion
The human enzyme hA2 most efficient in the bioactivation of Aza has N-and C-terminal segments that sustain high Aza activity within the context of the examined alpha class sequences. The C-terminal H-site residues M208 and L213 do not tolerate mutations with retention of the high activity with Aza. Hydrophobic residues in the H-site position 208, and preferably also in position 213, are favorable, with the wild-type M208/ L213 combination giving the most active enzyme with Aza.
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